Please cite this article as: K. Solti, W.-L. Kuan, B. Fórizs, et al., DJ-1 can form β-sheet structured aggregates that co-localize with pathological amyloid deposits, Neurobiology of Disease(2018), https://doi.Journal Pre-proof J o u r n a l P r e -p r o o f 2 Abstract
Introduction
The aggregation of proteins into soluble oligomers with a -sheet structured core and amyloid fibrils [1, 2] is a pathological hallmark of many neurodegenerative diseases including Alzheimer's disease (AD) [3] [4] [5] and Parkinson's disease (PD) [6] . This aggregation process and the aggregated species generated by it can cause cellular degeneration [1] and are thought to be critical players in the pathogenic basis of these disorders.
DJ-1 is a multifunctional protein with various enzymatic functions involved in regulating redox and protein homeostasis [7] , and its loss of function has been linked to the onset and progression of a wide range of diseases [7] including PD [8, 9] , AD [10] and related disorders [10, 11] as well as stroke [12] , type II diabetes [13, 14] and some types of cancer [15] . Specific mutations in the DJ-1 encoding gene, PARK7, cause familial autosomal recessive early-onset PD [8, 9] and, in some cases, amyotrophic lateral sclerosis [16] through structural destabilization of the protein. Under physiological conditions the active structural state of DJ-1 is a homodimer folded into seven beta-strands and nine helices per monomer [17] . Cys106 is an essential residue of DJ-1 responsible for its various functions [18] including a range of enzymatic activities such as glyoxalase [19] , deglycase , [20] and protease [21] function. In addition, DJ-1 has been shown to function as a redox activated chaperone with the ability to inhibit synuclein aggregation [22, 23] .
Cys106 is a highly reactive residue in DJ-I and can be oxidized from its native thiolate (-S -), to with chloramphenicol (25 mg/ml) and ampicillin (50 mg/ml) at 37°C. After reaching OD 0.8, overnight protein production was induced at 18°C by the addition of 0.1 mM IPTG (final concentration). On the next day, cells were centrifuged at 5,000 rpm for 10 minutes at 4°C using a Beckman centrifuge. The pellets were suspended with 100 mM PBS buffer at pH 7.4 and were then centrifuged again (at 4°C, 4000 rpm, 30 min). The resulting supernatants were discarded, and the residue suspended in lysis buffer (50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 0.1 % Igepal, 1 mM DTT at pH 7.4), then frozen at -80°C (without liquid nitrogen) until needed for protein purification.
For the purification of DJ-1, cells were thawed and lysed with intense sonication, then the collected lysates were centrifuged at 20,000 rpm for 30 minutes at 4°C. The supernatants were poured onto a pre-equilibrated GSTrap TM 4B column (GE Healthcare). Before elution the column was washed with the binding buffer (PBS, 1 mM DTT at pH 7.4), and then the protein was eluted using elution buffer J o u r n a l P r e -p r o o f 8 acquired in positive electrospray mode in the mass range of m/z=300 to 2500, with 1 s accumulation time. The source temperature was 350 °C and the spray voltage was set to 5500 V. Declustering potential value was set to 80 V. Peak View SoftwareTM V.2.2 (version 2.2, Sciex, Redwood City, CA, USA) was used for deconvoluting the raw electrospray data to obtain the neutral molecular masses. In the non-oxidized ("reduced") DJ-1 Cys106(S-) sample the ratio of DJ-1 C106 thiol (-SH) to sulfinic acid (-SO 2 H) was calculated to be 85 to 15. In the DJ-1 Cys106(SO 2 -) sample the ratio of DJ-1 C106 sulfinic acid (-SO 2 H) to sulfonic acid (-SO 3 H) was calculated to be 83 to 17. In the DJ-1 Cys106(SO 3 -) sample the ratio of DJ-1 C106 in sulfinic acid (-SO 2 H) to sulfonic acid (-SO 3 H) form was calculated to be 13 to 87. The resolution of the mass spectrometer was above 30000 full width at half maximum over the entire mass range enabling the deconvolution of the multiply charged ion series to zero charge state with accuracy of less than 1 Da. The total ion chromatogram, mass spectra and deconvoluted masses are shown in Fig. S1 . J o u r n a l P r e -p r o o f 9 was centrifuged at 10,000 rpm for 45 min at 4 °C. The samples were filtered through a 0.22 μm filter before the measurements. 100 µl of the supernatants were added to the cuvette, and the light scattering intensity was collected 30 times at an angle of 90° using a 10 sec acquisition time. The correlation data was exported and analyzed using the nanoDTS software (Malvern Instruments). The samples were measured at 60 min and thereafter at in 24 hour intervals. In each case three parallel measurements were taken. Data was averaged and plotted as a function of time, then fitted to a saturation curve using Origin 8 software.
DJ-1 aggregation experiments

Determining the concentration of DJ-1 aggregates
We followed the aggregation rate of DJ-1 protein as a function of time. DJ-1 Cys106(S-) , DJ-1 Cys106(SO is the number of residues in the protein, c is the concentration of the protein (M), and l is the optical path length (cm). Secondary structural analysis of DJ-1 using CD spectroscopic data was carried out using the BeStSel (Beta Structure Selection) software [35] .
Fourier transform infrared spectroscopy (FTIR) spectroscopy
FTIR spectra were acquired for DJ-1 Cys106(S-) , DJ-1 Cys106(SO Fourier-transformed background-corrected absorption spectra were taken at 25 °C between 1,000 and 4,000 cm −1 as an average of 64 scans, acquired at a resolution of 2 cm −1 and an optical aperture of 0.5 cm. All spectra were post-processed using the Thermo Galactic GRAMS/AI™ Spectroscopy Software 7.02. An atmospheric correction algorithm was used to remove any water vapour bands from the final absorption spectra. Spectra were zeroed between 1,400 and 1,800 cm −1 , and the 2nd derivative spectra calculated. Next, the aggregation of DJ-1 was monitored using the fluorescence intensity of Thioflavin T (ThT) and of pentameric formyl thiophene acetic acid pFTAA ( Fig. 1 d and e ), dyes whose fluorescence increases when they bind to polypeptides with extended β-sheet structures (such as amyloid). The fluorescence intensity of ThT and pFTAA significantly increased during the incubation of the DJ-1 samples demonstrating the formation of β-sheet structures during the aggregation of DJ-1.
Transmission electron microscopy (TEM) measurements
We then sought to investigate whether the DJ-1 aggregates had an intrinsic fluorescence signature characteristic of cross-β sheeted scaffold polypeptides [36] such as amyloid. While no well-defined fluorescence peak was observed, the fluorescence intensity of DJ-1 between 445-485 nm during its aggregation (in quiescent conditions at 30 M, 37°C and pH 7.4 for 5 days in phosphate buffer) also resembled a macroscopic aggregation curve with a short lag phase (Fig. 1f) , which had a similar evolution for all three of the DJ-1 Cys106 states we investigated, although samples of DJ-1 Cys106(SO
-)
and DJ-1 Cys106(SO 3 -) generated higher fluorescence intensities compared to DJ-1 Cys106(S-) .
We next investigated the morphology of solid DJ-1 aggregates ( Fig. 1 g- J o u r n a l P r e -p r o o f 21 fluorescence in the post-mortem AD brain tissue. Again, there was minimal mAb anti-oxDJ-1 staining seen in healthy brain tissue, suggesting that oxidized DJ-1 is once more associated with amyloid plaques and neurofibrillary tangles (NFTs) in the AD brain. A semiquantitative fluorescence signal intensity analysis confirmed that the levels of both mAb anti-oxDJ-1 staining and pFTAA levels are both significantly higher in PD and AD post-mortem brains, as compared to healthy subjects (Fig. 4f) . mAb anti-oxDJ-1 staining colocalizing with pFTAA fluorescence was also significantly increased in PD and AD post-mortem brains (Fig. 4g) , showing the upregulation of oxidized DJ-1 aggregation in PD and AD patients.
Discussion
Our results demonstrate, for the first time, that DJ-1 aggregates into -sheet structured soluble aggregates in vitro under physiological conditions and that this process may be enhanced by the oxidation of its catalytic Cys106 residue. The aggregation of DJ-1 was observed in vitro under physiologically relevant conditions using either phosphate or Tris buffers, suggesting that the aggregation of the protein can happen without the presence of inorganic phosphate.
The pathological evidence for this was confirmed by showing that aggregated oxidized DJ-1 exists in the post mortem brains of patients with PD or AD. Previous reports have shown that DJ-1 colocalizes with -synuclein fibrils in Lewy bodies [39, 40] , or with NFTs [41] and that the DJ-1 protein is present in amyloid plaques from AD patients [42] . Moreover, two other studies have shown that DJ-1 levels in the detergent-insoluble fractions of post-mortem brain tissue from the cingulate cortex of patients with idiopathic PD with Dementia with Lewy bodies [43] or the cerebellar white matter in patients with multiple system atrophy (MSA) [39] were dramatically increased compared to aged matched healthy controls. These previous reports provide strong evidence for the existence of insoluble as well as AD and MSA, which suggests that DJ-1 may be self-aggregating and/or aggregating with other proteins, such as -synuclein, tau and A42, to form -sheet structured aggregate and amyloid aggregates in the brain in these diseases.
We have also now shown for the first time that the aggregation of DJ-1 leads to the loss of one of its key enzymatic functions, its glyoxalase activity, through a complete loss of its active homodimeric state.
It is likely that DJ-1 aggregation would also result in the loss of its other enzymatic functions and in its ability to regulate redox and protein homeostasis [7] . These findings suggest that DJ-1 aggregation results in the loss of DJ-1 function, which could contribute to disease onset and progression.
We have observed that mAb anti-oxDJ-1 strongly immunolabeled post-mortem PD and AD brain tissue while less labelling was observed in control healthy brain samples. These results are in line with two previous studies, which report that oxidized DJ-1 levels are increased in PD[40] and AD [10] brain tissue compared to healthy ones.
The loss of wild type DJ-1 function due to the loss of native structure of the protein and its aggregation parallels the effects of some specific mutations (L166P, L10P, and ΔP158) in the DJ-1 encoding gene, PARK7, that cause familial autosomal recessive early-onset PD. These mutations in DJ-1 cause structural instability in its native tertiary homodimeric structure which means that the protein loses its ability to homodimerize and this in turn may lead to the aggregation of these mutant DJ-1 proteins [44] . For instance, the L166P DJ-1 mutant was observed mostly in soluble high molecular weight complexes and not as a homodimer in cell lysates [45] , while the ΔP158 and L10P DJ-1 mutants were observed in cells to form inclusions [46] .
Conclusion
Journal Pre-proof J o u r n a l P r e -p r o o f 23 Our results demonstrate that DJ-1 can form -sheet structured soluble DJ-1 aggregate and fibrillar aggregates and that specific oxidation of the protein at Cys106 promotes this process. These aggregated forms of DJ-1 were found to exist pathologically in the post-mortem brains of patients who had died with PD or AD. Moreover, it was observed that the loss of function of DJ-1, such as its glyoxalase activity, and conceivably its ability to regulate redox and protein homeostasis [7] , due to its aggregation could contribute to the onset and progression of these diseases. All of this implies that DJ-1 may be a critical central player in the development of proteinopathies in different neurodegenerative disorders, and thus any drug discovery approach that aims to stabilize the native functional homodimeric structure of DJ-1 to reduce its aggregation could have wide ranging therapeutic implications. , and (f) DJ-1 Cys106(SO Journal Pre-proof Table 1 . Estimated secondary structure content, in percentage (%), of DJ-1 samples at the start of incubation and after 5 days of incubation as determined by CD measurements. Secondary structure content analyzes of the CD spectroscopic data was carried out by BeStSel. Table 1 . Estimated secondary structure content, in percentage (%), of DJ-1 samples at the start of incubation and after 5 days of incubation as determined by CD measurements. Secondary structure content analyzes of the CD spectroscopic data was carried out by BeStSel. * native DJ-1 dimer before start of aggregation, non-aggregated DJ-1 dimer ** DJ-1 dimer in supernatant after aggregation and ultracentrifugation (v = 54,000 rpm) *** DJ-1 in aggregated rich phase after ultracentrifugation (v = 54,000 rpm) 
List of Abbreviations
